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Previously, we reported the isolation of cDNA clones representing four alternative splice forms of TCF-1, a
T-cell-specific transcription factor. In the present study, Western blotting (immunoblotting) yielded a multi-
tude of TCF-1 proteins ranging from 25 to 55 kDa, a pattern not simply explained from the known splice
alternatives. Subsequent cDNA cloning, PCR amplification, and analysis by rapid amplification of 5* cDNA
ends revealed (i) the presence of an alternative upstream promoter, which extended the known N terminus by
116 amino acids, (ii) the presence of four alternative exons, and (iii) the existence of a second reading frame
in the last exon encoding an extended C terminus. Inclusion of the extended N terminus into the originally
reported protein resulted in a striking similarity to the lymphoid factor Lef-1. Several of the TCF-1 isoforms,
although less potent, mimicked Lef-1 in transactivating transcription through the T-cell receptor a-chain
(TCR-a) enhancer. These data provide a molecular basis for the complexity of the expressed TCF-1 proteins
and establish the existence of functional differences between these isoforms. Furthermore, the functional
redundancy between Tcf-1 and Lef-1 explains the apparently normal TCR-a expression in single Tcf-1 or Lef-1
knockout mice despite the firm in vitro evidence for the importance of the Tcf/Lef site in the TCR-a enhancer.

We previously identified and cloned the T-lymphocyte-spe-
cific transcription factor TCF-1 (15, 22) by virtue of its affinity
for the sequence motif AACAAAG in the enhancer of a struc-
tural T-cell gene, CD3-ε. We recently reported on a gene
disruption experiment which revealed that the TCF-1 gene is
essential for early T-cell differentiation (28). TCF-1 belongs to
a family of proteins that utilize a region with homology to
high-mobility-group (HMG) I proteins for sequence-specific
DNA binding. This region has been termed the HMG box (10,
11). Solution structures have recently been proposed for Lef-1
and Sry HMG boxes complexed to DNA (13, 31). In addition,
we have solved the three-dimensional solution structure for the
related Sox-4 HMG box (26).
Human LEF-1, which is closely related to TCF-1, was orig-

inally identified as a T-cell-specific protein binding to the
TTCAAAG motif in the T-cell receptor a-chain (TCR-a) en-
hancer (29). Murine Lef-1 was simultaneously cloned from
pre-B lymphocytes by a subtraction strategy and was shown to
bind to the same TCR-a motif (19). In postnatal mice, Tcf-1 is
uniquely expressed by T-lineage lymphocytes, whereas Lef-1 is
expressed by T cells and by pre-B cells. By contrast, Tcf-1 and
Lef-1 exhibit a complex and largely overlapping expression
pattern in several nonhemopoietic tissues during murine em-
bryogenesis (16). Tcf-1 and Lef-1 derive from a recent gene
duplication event, as evidenced by the cloning of a single
chicken homolog (3). The HMG boxes of Tcf-1 and Lef-1 are
virtually identical and likely display indistinguishable DNA-
binding specificities. Tcf-1 and Lef-1 binding motifs have been
found in several other lymphoid cell-specific enhancers, includ-
ing those of the TCR-b, TCR-d, and CD4 genes (5, 12). Sur-
prisingly, Tcf-1 and Lef-1 do not transactivate transcription

from a reporter chloramphenicol acetyltransferase (CAT)
gene that carries multiple copies of their minimal binding mo-
tifs (19, 22, 29). Nevertheless, several studies have indicated
that the Lef-1 site in the TCR-a enhancer is functionally im-
portant and that Lef-1 can transactivate transcription of a
reporter gene through this site (1, 8, 9). This transactivation is
context specific, depending for its full activity on the simulta-
neous presence of three other factors (ATF/CREB, core-bind-
ing factor/PEBP2a, and Ets-1) at defined flanking positions
(9). The HMG box of Lef-1 in isolation retains some context-
specific transactivation properties in the TCR-amodel, as does
the HMG box of the distantly related Sry protein (9). Thus,
part of the Lef-1 effect apparently relates to its ability to
strongly bend DNA (7), a shared characteristic of sequence-
specific HMG box proteins (6). In an unrelated transcription
model, it was shown by Sheridan et al. that Lef-1 controls
activity of the human immunodeficiency virus enhancer in a
chromatin-dependent fashion (17). Specifically, Lef-1 was
shown to counteract the repressive effect of chromatin assem-
bly on the human immunodeficiency virus enhancer. No can-
didate target genes for Tcf-1 have been identified to date.
We originally reported that mRNA transcribed from the

human TCF-1 gene was subject to alternative splicing in the
region encoding the extreme C terminus of the protein, giving
rise to four mRNA molecules: TCF-1A to TCF-1D (22, 23).
The predicted molecular masses of these protein isoforms are
about 30 kDa. Two observations prompted us to reevaluate the
complexity of transcripts originating from the TCF-1 gene. (i)
A minigene encoding these four isoforms was correctly ex-
pressed but did not complement the Tcf-1 knockout pheno-
type (27, 28). (ii) Western blotting (immunoblotting) per-
formed with an anti-TCF-1 monoclonal antibody revealed a
multitude of bands between 25 and 55 kDa (this report). Here
we report on the identification and functional characteristics of
novel alternative transcripts emanating from the TCF-1 locus,
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some of which are remarkably similar in overall structure to
Lef-1.

MATERIALS AND METHODS

Isolation of TCF-1 cDNA clones. Standard techniques were used for screening
a human HPB-ALL library in pCDNA (10a) and a mouse thymus cDNA library
in Lambda-zap (Stratagene). Probes encoding human exon IX and mouse 59
sequences were generated by PCR from the relevant cDNA clones (15, 22).
Oligonucleotides were obtained from Isogen (Amsterdam, The Netherlands).
Constructs.Hybrid TCF-1 constructs were generated by cloning a mouse PCR

fragment, encompassing amino acids 1 to 130, into a BamHI-ApaLI-digested
human TCF-1B clone. Oligonucleotides used were AGTGGATCCAGCGCAC
CATGCCGCAGCTG and AGTGGTGCACTCCGGGGCCTT. TCF-LEF was
constructed by PCR of the region encoding amino acids 1 to 118 of pCDNA-
p45TCF-1B, using vector T7 primer and oligonucleotide GTAGAGGCCTCCG
GTGCACTCCGGGGC. This fragment was digested with HindIII and StuI and
cloned into HindIII-StuI-digested pCDNA-hLEF-1.

dLEF-1 was constructed by PCR of the region encoding amino acids 100 to 214
and addition of an optimal Kozak sequence, using the primers GGGAAGCT
TGCCACCATGTACAACAAG and CTTGCCAGCCAAGAGGTGGGGTG.
This fragment was digested with HindIII and EcoRV and cloned into HindIII-
EcoRV-digested pCDNA-hLEF-1.
RACE. Total RNA from human thymus was prepared in RNAzol as instructed

by the manufacturer (Cinna/Biotecx); the preparation was then subjected to
phenol-chloroform extraction and 2-propanol precipitation. Rapid identification
of 59 cDNA ends (RACE) analysis was performed as follows. Five micrograms of
RNA was used to generate cDNA, using avian myeloblastosis virus reverse
transcriptase and TCF-1-specific primers (Isogen). After separation of the reac-
tion product from the excess of primers, cDNAs were tailed with dATP and
terminal deoxynucleotidyltransferase; 1/100 of the tailed products was used in a
standard PCR using tail- and TCF-1-specific primers.
Cell culture and transfection. The murine surface immunoglobulin G2A-

positive B-cell line AZU2 was grown in RPMI 1640 supplemented with 10% fetal
calf serum and antibiotics. AZU2 cells were transfected by electroporation as
described previously (24).
COS cells were grown in Dulbecco modified Eagle medium supplemented with

5% fetal calf serum and antibiotics. Transient transfections of COS cells with
expression plasmids derived from pCDNA (Invitrogen) were performed by in-
cubating the cells in suspension for 120 min with 1 mg of plasmid in 3 ml of
Dulbecco modified Eagle medium with 250 mg of DEAE-dextran ml21.
Western blotting (immunoblotting). About 3 3 105 cells were used as a

protein sample. The cells were prepared as protein samples by washing them with
phosphate-buffered saline (PBS) and resuspending them in 30 ml of sample
buffer. After sonification for 20 s and boiling for 5 min, the protein samples were
separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE). Gels were blotted to nitrocellulose membranes (Schleicher & Schuell,
Keene, N.H.). The membranes were then blocked with 5%milk in washing buffer
(PBS, 0.1% Tween 20) for 2 h, incubated with the anti-TCF-1 monoclonal
antibody (culture supernatant) for 2 h, washed for 15 min in washing buffer, and
incubated with peroxidase-conjugated rabbit anti-mouse immunoglobulin (dilut-
ed 1:2,000) for 2 h. The specific antibody signals were detected by using enhanced
chemiluminescence (ECL kit; Amersham). For the quantification of TCF-1 pro-
tein in Jurkat T cells, a sample equaling 23 105 cells was run and compared with
standard amounts of recombinant TCF-1 protein (4). After detection by en-
hanced chemiluminescence (ECL kit; Amersham), the bands were scanned by
densitometry and the amount of TCF-1 present in Jurkat cells was determined.
From this, the number of molecules per cell could be calculated.
In vitro translation and gel retardation. The TCF-1 proteins used in the gel

retardation assay were produced by using the Promega SP6 TnT rabbit reticu-
locyte lysate coupled transcription-translation system according to the manufac-
turer’s protocol. To verify that proteins were produced in similar quantities, 1 ml
of the reaction mixture was Western blotted and stained with the anti-TCF-1
monoclonal antibody (see above). Gel retardation experiments were performed
as described earlier (22). In short, 1 ml of the transcription-translation mixture
was incubated with 100 ng of poly(dI-dC) and 50,000 cpm of either oligonucle-
otide MW56, containing a TCF-1 binding site, or MW56-Sac, which does not
bind TCF-1 (22). Bound and free probe were separated on a 5% polyacrylamide
gel.
CAT assays. CAT assays were performed as described earlier (22). In short, 3

3 106 cells were transiently transfected with 2.5 mg of TCR-a enhancer CAT
construct (8) and 75, 750, or 7,500 ng of expression vector by electroporation.
The total amount of DNA was kept constant at 10 mg by adding a nonrelevant
plasmid. Forty-eight hours later, cells were harvested and freeze-thawed in 100
ml of 100 mM NaCl–10 mM Tris (pH 7.4)–1 mM EDTA, 50 ml of the lysate was
added to 50 ml of CAT cocktail ([14C]chloramphenicol [1 mCi/ml; 60 mCi/mmol],
2.5% glycerol, 250 mM Tris [pH 7.5], 3 mM butyryl coenzyme A), and the
mixture was incubated for 2 h at 378C. Pristane-xylene-extractable counts per
minute representing butyrylated [14C]chloramphenicol was determined by liquid
scintillation counting.

Nucleotide sequence accession number. The sequence reported has been as-
signed GenBank accession number X63901.

RESULTS

To aid the clarity of this discussion, Fig. 1 gives an updated
gene structure of TCF-1, generated by the compilation of ear-
lier information (15, 22, 23) with data from the current study
(see below).
Western blotting of human TCF-1.We have recently gener-

ated a monoclonal antibody against human TCF-1 (4). The
epitope maps to a peptide sequence encoded by the constitu-
tive exon VI. The antibody allows biochemical analyses of
TCF-1 proteins of T cells. Interestingly, we have found that
TCF-1 protein is absent from standard nuclear extracts, as
determined by gel retardation and Western blotting. However,
it is readily visualized by nuclear staining and by Western
blotting of whole cells or isolated nuclei (2). We conclude that
the TCF-1 proteins are intimately associated noncovalently
with components of the nuclear matrix. The nature of this
interaction is the subject of our ongoing research.
Western blotting performed on human thymocytes and Jur-

kat T cells resulted in a multitude of bands with deduced mo-
lecular masses of 25 to 55 kDa in SDS-PAGE (Fig. 2A).
Identical patterns were observed when protein samples were
reduced by b-mercaptoethanol, excluding the existence of di-
sulfide-linked dimers (not shown). In addition, dephosphory-
lation of the samples prior to electrophoresis did not influence
the banding pattern. To determine protein levels of the prom-
inent TCF-1 isoforms in Jurkat cells, we compared immuno-
reactive TCF-1 in 106 Jurkat cells with a standard series of
purified recombinant TCF-1 (Fig. 2B). Scanning of the indi-
vidual bands revealed that the amounts of immunoreactive
material present in the three major bands (a [P45TCF-1B], b
[P42TCF-1B] and c [P33TCF-1B]; see below) in Fig. 2B were
about 60, 90, and 90 ng, respectively, equivalent to an esti-
mated total of 3.9 3 106 molecules of TCF-1 per Jurkat T cell.
Since we could not explain the large sizes of some of the

TCF-1 isoforms, we analyzed the TCF-1 cDNA sequence for
previously unidentified reading frames. We thus noted a hypo-
thetical splice form which encoded an extended C terminus.
This splice form included exon VIII, spliced to the alternative
exon IX, which was spliced in turn to the 39-most of the three
acceptor sites in exon X. The resulting frameshift opened a
novel reading frame in exon X. The C terminus encoded by this
alternative reading frame was termed TCF-1E. (The previously
identified, overlapping reading frame encoding TCF-1B results
from exon VIII spliced directly to the same acceptor site in
exon X.) Significantly, the reading frames of TCF-1B (15, 22)
and TCF-1E were both virtually completely conserved between
human and mouse sequences (Fig. 3A).
The expression of this hypothetical C-terminal reading frame

was confirmed by screening a cDNA library from the human
T-cell line HPB-ALL (which previously served to define TCF-
1A to -D) with a probe specific for the alternative exon IX. Of

FIG. 1. Structure of the TCF-1 gene. Exons are represented by black boxes.
Promoters are depicted by arrows. The downstream TCF-1 promoter overlaps
exons Ia9 and Ib9. The predominant modes of splicing are indicated by lines.
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15 independent clones analyzed, 2 were identified as TCF-1C
(exon IX spliced to the middle acceptor in exon X), whereas 13
encoded genuine TCF-1E C termini. The frequency of the
TCF-1E splice form in the HPB-ALL library was estimated to
be less than 5%. The vast majority of the C termini in the
HPB-ALL library were of the TCF-1B type (not shown).
In the course of analyzing the putative TCF-1E clones, we

noted the presence of three alternatively utilized exons. (i) An
alternative exon IVA, identical at the protein level to the
murine Tcf-1 IVA sequence (15), occurred in about 50% of the
cDNAs. Significantly, the human LEF-1 gene includes an al-
ternative exon homologous to IVA at the corresponding posi-
tion. Homologous sequences are also present in murine Lef-1
(19) and chicken Tcf-1 (3) (Figure 3B). (ii) Exon V was infre-
quently absent, resulting in an in-frame deletion of 40 amino
acids. This particular splicing alternative was previously seen in
the Tcf-1dv knockout mice, in which it partially rescues the
knockout phenotype (28). (iii) Furthermore, we found an al-
ternative exon IIA, which contained two in-frame stop codons
(Fig. 3C). The conceptual translation product of exon IIA-
containing mRNAs was a 155-amino-acid, non-DNA-binding
peptide.
Expression of all these human isoforms in COS cells and

subsequent Western analysis revealed that the longest of the
reading frames, TCF-1E with the inclusion of the alternative
exon IVA, was still significantly smaller than the predominant
band observed in Jurkat T cells or in human thymocytes (Fig.
4). Unexpectedly, inspection of the published murine 59 un-
translated sequence revealed the existence of a reading frame
with striking similarity to N-terminal sequences of Lef-1 and of
chicken Tcf-1. The comparison indicated that the murine

cDNA clone was incomplete and started at codon 55 (Fig. 3B).
Importantly, the murine 59 sequence deviated completely from
exon I of human TCF-1 but was highly homologous to its
human counterpart from exon II onward. To investigate
whether alternative transcripts existed in human cells, we
screened the HPB-ALL cDNA library with a short probe rep-
resenting the unique 59 region of the murine cDNA clone. We
identified multiple clones that contained sequences homolo-
gous to the murine 59 end, spliced to exon II. By RACE, these
sequences were also found in freshly isolated human thymo-
cytes (not shown). Unfortunately, a strong stop for reverse
transcriptase was consistently encountered around amino acid
position 80 (Fig. 3B). We therefore screened a murine cDNA
library with the 59 probe. Of 12 sequenced clones, one ex-
tended upstream of the expected novel translation initiation
site; all others again terminated in the region of high CG
content approximately 80 codons downstream of the presumed
initiator methionine. Alignment of the complete N terminus of
TCF-1 with Lef-1 and chicken Tcf-1 confirmed the expected
sequence conservation (Fig. 3B).
All novel sequences were present on the genomic phages

previously used to resolve the human TCF-1 gene structure
(23). This allowed us to draw a (presumably) complete map of
the TCF-1 gene (Fig. 1). The novel 59 sequences could be
assigned to two exons, termed exon Ia9 and exon Ib9. As these
two exons were located directly upstream from the previous-
ly reported transcription start site (23), the two promoters
mapped very closely together. The CpG island that we origi-
nally identified as the TCF-1 promoter (23) started within the
first exon of the upstream promoter and included the second
exon (Fig. 1). Nevertheless, the previously published functional
promoter data (23) reflect properties of the downstream pro-
moter only, as the upstream promoter was not included in the
tested fragment.
Expression in COS cells of several of the human splice forms

with the extended N terminus and subsequent Western blot-
ting revealed proteins of up to 60 kDa (Fig. 4). Comparison
with extracts from thymocytes indicated that the predominant
in vivo isoforms of TCF-1 most likely contained the extended
N terminus and the TCF-1B C terminus, with or without exon
IVA. In order to introduce a unequivocal nomenclature, we
propose to name the TCF-1 isoforms by their molecular
weights (which discriminates which N terminus is present and
whether exon IVA is being used), in combination with TCF-1A
to -E to distinguish the C termini. Figures 4 and 5 give eight of
the predominant isoforms.
Lef-1 has been shown to transactivate transcription in a

context-specific fashion through a small fragment from the
T-cell-specific TCR-a enhancer (1, 8, 9). We have recently
identified a murine B-cell line in which cotransfection of a
Lef-1 expression construct enhances the activity of the TCR-a
enhancer up to 100-fold (20). This effect is an order of mag-
nitude higher than that reported for various other non-T-cell
lines (1, 8, 12, 20). In this B-cell line, an optimal constellation
of transcription factors preexists which is apparently silent by
itself but strongly supports TCR-a enhancer activity upon
transfection of Lef-1. The identity of these factors is the subject
of ongoing research. Nevertheless, this AZU2 cell line allowed
a highly sensitive assay system with which to evaluate transac-
tivation properties of the various TCF-1 isoforms. Eight of the
most prominent human TCF-1 isoforms, cloned into an appro-
priate expression vector, were separately cotransfected with a
TCR-a enhancer/c-fos promoter-driven CAT reporter gene
construct (8). The four isoforms with short N termini all mod-
erately transactivated transcription through the TCR-a en-
hancer (Fig. 5A). The four isoforms with long N termini did

FIG. 2. Western blot analysis of TCF-1 expression in T-lineage cells. (A) The
anti-TCF-1 monoclonal antibody (23) recognizes multiple bands ranging from 25
to 55 kDa in human T-cell extracts, which are absent from non-T cells. Lane 1,
thymocytes. Non-T cells are in lanes 2 (Nalm-6), 3 (BJAB), 4 (Daudi), 5 (APD),
6 (U266), 7 (HL-60), 8 (K562), 9 (KG-1), and 10 (HepG2). T cells are in lanes
11 (Jurkat) and 12 (thymocytes). (B) Determination of TCF-1 protein levels in
Jurkat T cells. The predominant TCF-1 isoforms are marked a, b, and c, repre-
senting P45TCF-1B, P42TCF-1B, and P33TCF-1B, respectively. Lane 1, Jurkat T
cells. Lanes 2 to 7 contain set amounts of recombinant TCF-1–maltose-binding
protein fusion protein (23): lane 2, 5 ng; lane 3, 10 ng; lane 4, 20 ng; lane 5, 35
ng; lane 6, 50 ng; lane 7, 150 ng. Sizes are indicated in kilodaltons.
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FIG. 3. Sequences of TCF-1 isoforms. (A) Alignment of the predicted amino acid sequences of the C termini of human and murine TCF-1E. A closed triangle
indicates the exon boundaries. Exon numbers are indicated in roman numerals. (B) Sequence alignment of human P45TCF-1B (hp45TCF), mouse P45Tcf-1B
(mp45TCF), mouse Lef-1 (mlef), and chicken Tcf-1 (chtcf). The DNA-binding HMG box domain is boxed. Note the high conservation between TCF-1, mouse Lef-1,
and chicken Tcf-1 in the N-terminal region. The first five amino acids of the shorter TCF-1 proteins are underlined. Exon numbers and boundaries are indicated as
in panel A. (C) Nucleic and amino acid sequences of the alternative exon IIa as found in human TCF-1. Insertion of this exon between exon II and III will result in
the production of a 16-kDa protein lacking DNA-binding properties.
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not affect activity of the reporter construct to any significant
extent. This pattern was consistently seen over a range of
concentrations of the expression plasmids. The inactivity of the
longer forms was not due to ineffective expression: the trans-
lation initiation sequence of the longer N terminus (gcacc
ATGc) adheres considerably better to the Kozak consensus
than that of the shorter form (agcggcATGt). In line with this,
the expression constructs with the longer forms were expressed
to severalfold-higher levels than those encoding the shorter
forms, as assessed by Western blotting and nuclear staining of
transfected cells (not shown).
As the HMG boxes of Lef-1 and Sry in isolation transacti-

vate transcription in the TCR-a enhancer assay (9), we tested
whether this also held true for the TCF-1 HMG box. Indeed,
as demonstrated in Fig. 5B, coexpression of the TCF-1 HMG
box with the TCR-a–CAT vector resulted in transactivation.
Figure 5B also demonstrates that chicken Tcf-1 moderately
transactivated transcription through the TCR-a enhancer.
To shed more light on the basis for the functional differences

between short and long TCF-1 isoforms, we performed several
experiments. In vitro transcription-translation revealed that
DNA-binding affinities did not significantly differ between
P33TCF-1 and P45TCF-1, indicating that the N terminus did
not directly interfere with the HMG box-DNA interaction
(Fig. 6). Deletion of the N terminus of Lef-1 up to the position
(amino acid 100) homologous to the start of the shorter TCF
isoforms resulted in reduction of the transactivation capacity to

a level comparable to that of these TCF-1 isoforms (Fig. 5C).
Exchange of this region in human LEF-1 for the homologous
region of TCF-1 further decreased the activity to a level com-
parable to the long TCF-1 isoforms (Fig. 5C). The shorter
LEF-1 form and the TCF-1–LEF-1 chimera were as effective
as short or long TCF-1 isoforms in abrogating transactivation
mediated by wild-type LEF-1 (Fig. 5D). We concluded (i) that
the N terminus of LEF-1 was crucial for its strong transacti-
vating capacity in our system and that it could not be replaced
by the homologous region of TCF-1; and (ii) that the TCF-1 N
terminus did not interfere with DNA binding of the intact
TCF-1 protein but that, both in the contexts of both TCF-1 and
LEF-1, it blocked the transactivating potential of the N-termi-
nally truncated proteins in the TCR-a enhancer assay.

DISCUSSION

The present study highlights the complexity of transcripts
that emanate from the human and murine TCF-1 genes. The
presence of two promoters, of four alternative exons, and of
three splice acceptors sites in the last exon yield a theoretical
total of 96 different mRNAs. Direct sequencing has revealed
the presence of all novel sequences on previously described
genomic fragments encompassing the human TCF-1 gene (23),
underscoring the authenticity of the newly identified exons
(Fig. 1).
The unexpected identification of an upstream promoter ex-

tends the known N terminus by 116 amino acids. This novel
region is similar to Lef-1 (and chicken Tcf-1) throughout its
length. The translation start site of the previously described
short N-terminal forms of TCF-1 coincides with methionine
residue 117 of the extended form of TCF-1. In addition, a
newly identified exon (IVa) of TCF-1 is homologous to an
alternative sequence found in human LEF-1 (29). C terminal
to the HMG box, the homology to LEF-1 is completely lost.
The LEF-1 protein actually carries a small constitutive C ter-
minus. This contrasts with the multiple C termini of TCF-1.
The TCF-1B and TCF-1E C termini (in that order) appear to
be the most abundant sequences. TCF-1B is likely of func-
tional importance because of the virtual identity to the C ter-
minus of chicken Tcf (3). The conservation of TCF-1E C-
terminal sequences between human and mouse TCF-1 genes
again implies a conservation of function.
The significance of the inclusion of exon IIa (with two in-

frame stop codons) in TCF-1 mRNA is currently unclear. The-
oretically, the conceptual translation product is a 16-kDa pep-
tide that could block normal functioning of the TCF-1 N
terminus. As the function of this N terminus is different from
that of the N terminus LEF-1 and remains to be resolved (see
below), this notion can currently not be tested.
Western blotting of extracts prepared from sorted human

thymocyte subpopulations has not revealed significant differ-
ences in abundance between individual TCF-1 isoforms (18).
Thus, neither alternative splicing nor promoter activities ap-
pear to be regulated in a stage-specific fashion during T-lin-
eage differentiation.
With the use of a reporter gene construct based on the

T-cell-specific TCR-a enhancer, we show that a subset of
TCF-1 isoforms transactivates transcription. Importantly, none
of the isoforms can transactivate transcription through a con-
catemer of the recognition sequence (not shown). TCF-1 was
10-fold less potent in transactivating the TCR-a enhancer than
LEF-1. However, the expression of TCF-1 mRNA in the thy-
mus and in T-cell lines is up to 100-fold higher than that of
LEF-1, as assessed by probing of cDNA libraries. Specifically,
the frequency of TCF-1 clones ranges up to 1 per 200 to 500

FIG. 4. Western blotting performed on COS cells transfected with cDNAs
encoding different protein isoforms. The transfected TCF-1 isoforms are sche-
matically represented under the Western blot. A cross-hatched box represents
the alternative exon IVa; the densely striped boxed indicates the long N termi-
nus; short and long C termini represent TCF-1B and TCF-1E, respectively (see
also the legend to Fig. 5). ‘‘Thymus’’ indicates extracts from human thymocytes.
Note that the apparent mobilities (indicated in kilodaltons) of some of the
individual proteins appears anomalous. Also note that the strongest bands in
thymocytes coincide with the various TCF-1B isoforms.
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FIG. 5. TCF-1 protein isoforms display differential transactivating capacities. (A) Cotransfection of TCF-1 splice alternatives with a TCR-a enhancer–CAT
construct (5, 12) in AZU2 B cells leads to an increase in transcription, exclusively observed upon transfection of the short N-terminal forms. Note the strict dependence
of activity of the TCR-a enhancer in AZU2 B cells on the presence of transfected human LEF-1 (hLEF) or TCF-1. Transfections were performed in duplicate; the
duplicate values are given as counts per minute of extractable [14C]butyryl-chloramphenicol. Symbols for structures:o, extended N terminus,s, exon IVa; ,
TCF-1B-specific C terminus; , TCF-1E-specific C terminus. Symbols for bar graph:■, 75 ng;o, 750 ng;u, 7,500 ng. (B) The HMG box of TCF-1 (residues
234 to 351) mediates a level of transactivation comparable to that observed with P33TCF-1. Interestingly, chicken Tcf-1 (chTCF) also transactivates transcription
through the TCR-a enhancer. Transfection of P45TCF-1B serves as a negative control. Duplicate values are given. (C) AZU2 cells were transfected with the indicated
expression constructs as described in Materials and Methods. As demonstrated, the truncated human LEF behaves like a short TCF-1 isoform in this assay, whereas
the TCF-LEF chimera behaves like a long TCF-1 isoform. (D) AZU2 cells were cotransfected with 3 mg of LEF-1 expression vector in combination with 3 mg of control
(pBluescript) or any of the indicated expression plasmids. The two artificial LEF-1 isoforms behave like the two TCF-1 isoforms with respect to a decrease in the
measured LEF-1-mediated transactivation.
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recombinant phage plaques, whereas LEF-1 frequencies in the
same libraries were estimated at 1 per 25,000 plaques (21). We
have also estimated TCF-1 protein levels in Jurkat cells to be
240 ng/106 cells. Waterman and Jones have reported a four-
step purification of LEF-1 protein from Jurkat cells (30). Their
yield was approximately 5 ng/106 cells. In the last two steps, a
twofold decrease of LEF-1 protein occurred. On the basis of
this report, a realistic estimate of the amount of LEF-1 protein
would be 20 to 50 ng/106 cells. It appears reasonable to assume
that the abundance of TCF-1 protein compensates for its
poorer ability to transactivate the TCR-a enhancer compared
with that of LEF-1. Given these considerations, we believe that
TCF-1 and LEF-1 may perform redundant functions with re-
spect to the control of TCR-a gene expression.
It is somewhat curious that the long TCF-1 isoforms do not

transactivate transcription, despite the fact that they appear
closer in sequence to LEF-1 than their smaller counterparts.
We believe that the shorter forms of TCF-1 transactivate solely
because of the interaction of the HMG box with the TCR-a

enhancer. The additional effect of full-length LEF-1 derives
mostly from its N terminus (references 1, 8, and 9 and this
report). We demonstrate here that the N terminus of TCF-1
cannot replace that of LEF-1 in the TCR-a enhancer assay.
The nonfunctional TCF-1 N terminus does not prohibit DNA
binding. It does, however, interfere with context-specific trans-
activation on the TCR-a enhancer in transfected cells, possibly
by steric hindrance. It appears likely that the functions of the
N termini of LEF-1 and TCF-1 have diverged, the LEF-1 N
terminus being relevant for the TCR-a enhancer and the
TCF-1 N terminus being relevant for as yet unidentified target
genes.
The functional redundancy between the shorter TCF-1 iso-

forms and LEF-1 provides an explanation for a paradox that
has resulted from individual gene knockout experiments. Tcf-1
knockmice display a severe impairment in thymocyte develop-
ment, which is blocked at the immature single positive stage
(28). Since the mutation is leaky, particularly around birth,
peripheral T cells occur, albeit at reduced levels. These T cells

FIG. 5—Continued.
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are normal with respect to phenotype and function. Specifi-
cally, TCR-a mRNA levels are unaffected. Along these lines,
Van Genderen et al. recently created a Lef-1-deficient mouse
strain (25). Disruption of the Lef-1 gene affects hair follicle,
tooth, mammary gland, and trigeminal nucleus development
but, surprisingly, leaves the immune system intact (25). As in
Tcf-12/2 mice, TCR-a expression in Lef-mutant mice is unaf-
fected.
As described above, several studies have established that, at

least when tested in transient transfections, TCR-a is strongly
dependent on the TCF-LEF site and that LEF-1 is a potent,
context-dependent transactivator for this enhancer (1, 8, 9).
The current study predicts that TCR-a expression will be af-
fected only in double-knockout mice. Such experiments are
currently under way (14).
The exquisitely T-cell-specific phenotype of the Tcf-1 knock-

out mice remains unresolved at the molecular level. The iden-
tification of numerous novel Tcf-1 isoforms now allows the
creation of transgenic mice expressing single isoforms of Tcf-1
in order to evaluate which forms can complement the pheno-
type. Molecular analysis of wild-type, mutant, and mutant-
complemented mice will allow the identification of crucial
genes, downstream of Tcf-1 in the T-lineage differentiation
pathway, that are dependent on proper Tcf-1 function.
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FIG. 6. The extended TCF-1 N terminus does not reconstitute an intramo-
lecular DNA-binding inhibition domain. Gel retardation analysis of in vitro-
translated TCF-1B isoforms was performed. Lanes 1 and 4, control lysate; lanes
2 and 5, P33TCF-1B; lanes 3 and 6, P45TCF-1B. Lanes 1 to 3 contain the
TCF-1-binding oligonucleotide MW56; sequence specificity was confirmed by
incubation with the nonbinding oligonucleotide MW56Sac (lanes 4 to 6). The
amounts of TCF-1 protein per lane were comparable, as analyzed by Western
blotting (not shown). The long and short TCF-1 proteins have similar binding
affinities, as is evident from this experiment.
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